Appendix 1. Required materials for activity implementation
We recommend lettered pony beads as indicated below to have a whole diameter that is a size that allows them to fit snugly on a standard diameter pipe cleaner without sliding (the "alpha beads" we utilized were 7 mm across). Craft stores regularly sell lettered pony beads; however, sorting the right letters from full alphabet sets is slow and relatively expensive. Therefore, we suggest ordering individual letter beads as batches of A, U, C, or G online for larger quantities.
Items needed per group are as follows:
• 16 pony beads labeled "A"
• 14 pony beads labeled "U"
• 4 pony beads labeled "C"
• 6 pony beads labeled "G"
• 2 pipe cleaners of standard 6-mm diameter (we used neon green and red ones)
• 1 large colored bead to represent FMN (available at standard craft stores)-see Figure 1 for a picture of one example of a suitable bead. The FMN bead should have two holes that allow it to slide on and off the pipe cleaner readily, and should be between 0.5-1 inches in diameter, so that its presence blocks the formation of the alternate riboswitch conformation by the pipe cleaner. Alternatively, instead of the FMN bead, one could substitute the use of a binder clip to represent the metabolite. This modification could aid in demonstrating the transient nature of the binding and was suggested by faculty pilot testers at ASMCUE
(microbrew presentation).
Instructors may find that small trays are valuable to prevent loss of beads. Once assembled by the first section of students, kits could be reused by subsequent sections, after disassembly. Pipe cleaners may need to be replaced after a few rounds of the activity, once they become bent. Pony beads can be cleaned and reused from year to year.
Appendix 2. Student Handout-Assembly Instructions
(a). Using the letter beads, create the following sequence on a green pipe cleaner.
(b).
Fold the sequences in the green pipe cleaner to show the "ON configuration" (c). Add beads to a red pipe cleaner with the same sequence used in step "a".
(d).
On the red pipe cleaner, add the "FMN" molecule between sequences 1 and 2.
(e). Fold the red pipe cleaner to show the "OFF" configuration.
Appendix 3. Student Handout-Riboswitch Conformations
Riboswitches are sections of the transcribed messenger RNA molecule (usually in the 5' untranslated region of the mRNA) that can fold into alternative secondary structures in the presence or the absence of a ligand that binds to the structure formed by the RNA. A variety of ligands are sensed by riboswitches, including ions, nucleic acid precursors, enzyme cofactors and amino acids (reviewed by Nudler & Mironov 2004; Winkler & Breaker 2005; Breaker 2009 ). The function of riboswitch RNAs is directly associated with the ability of RNA to form secondary structures.
Riboswitches are composed of two domains, the aptamer and the expression platform (Tucker and Breaker 2005, Breaker, 2009 ). The aptamer is the domain that binds to the ligand, while the expression platform contains sequences that directly regulate gene expression. In between these two domains, there is usually a switching sequence; its placement (bound to aptamer or expression platform) is what dictates the expression outcome of the mRNA. For example, a RNA can fold into conformation "A" in the absence of a metabolite binding to the aptamer in a bacterial cell. This "A" conformation allows ribosomes to access the Shine-Dalgarno binding sequence and start codon in the expression platform of the RNA, so that a protein product used to transform a cellular metabolite can be translated. Binding of the converted metabolite to the RNA induces aptamer conformation "B", which hides the Shine-Dalgarno sequence and start codon in the expression platform, blocking further translation.
In general, riboswitches can regulate gene expression by controlling transcription or translation.
[Instructor Note: Here, we inserted the image from Fig. 1 from Reference 3 in the main text (Nudler & Mironov, 2004) . This article is available without an associated paywall at: http://dx.doi.org/10.1016/j.tibs. 2003.11.004] We are going to model a simplified version of the FMN riboswitch, which regulates translation. As example for our class activity we will use the FMN riboswitch (or RFN element) that regulates flavin mononucleotide (FMN) biosynthesis and transport proteins (Vitreschak et al. 2002; Gelfand et al. 1999 ). The figure below shows the location of the RFN riboswitch on the FMN operon:
The figure below shows the 2 configurations you should obtain with the pipe cleaners. The green pipe cleaner to the left shows the riboswitch in its ON configuration (allowing translation to occur) and the red pipe cleaner shows the riboswitch in its OFF configuration (no translation) Based on these figures and your own pipe cleaner models:
Explain why translation can occur along the green pipe cleaner but not along the red pipe cleaner. As an example for our class activity, we used the FMN riboswitch (or RFN element), which regulates flavin mononucleotide (FMN) biosynthesis and transport proteins (Vitreschak et al., 2002; Gelfand et al., 1999) . Riboflavin, also called vitamin B2, serves as the immediate precursor to FMN, which is subsequently converted to flavin adenine dinucleotide (FAD). By binding to riboswitches regulating the riboflavin biosynthetic genes, FMN can inhibit expression of the genes when it gets too abundant, as an example of feedback regulation.
While bacteria are capable of synthesizing riboflavin (vitamin B2) de novo, humans lack the riboflavin biosynthetic pathway, so we must consume it as a part of our diet. This pathway thus represents a novel target for potential antibacterial drugs. These drugs can be synthetic mimics of FMN, targeting the riboswitch or acting as inhibitors of the enzymes in the pathway. Ideally, the drug would have limited predicted off-target effects, as human cells do not have this biosynthetic pathway. There are two well characterized FMN riboswitch inhibitors: roseoflavin, an analogue of riboflavin, and ribocil, a synthetic mimic of FMN. This slide depicts a general example of the units of transcription and translation in prokaryotic systems, as a review of the central dogma.
Image by Thomas Shafee -Shafee T, Lowe R (2017). "Eukaryotic and prokaryotic gene structure". WikiJournal of
Slide 10
Riboswitches put genes in an "on" or "off" status
Genes for riboflavin synthesis and uptake All images here from Wiki Commons Public Images. By CNX OpenStax -https://cnx.org/contents/5CvTdmJL@4.4, CC BY 4.0, https://commons.wikimedia.org/w/index.php?curid=53713194
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Sometimes, transcription is regulated. Sometimes, translation is regulated.
NOTE: The hands-on models in this activity will provide an example of translation being regulated. These represent 5 sequence motifs that would be present on the RNA.
All images here from Wiki Commons Public Images (CC BY).

Slide 14
CAUU AAUG AAUG CAUU AAUG 1 2 3 4 5
Genes for riboflavin synthesis and uptake
All images here from Wiki Commons Public Images (CC BY).
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Riboswitches can be found in many different settings:
Directly sense the level of small molecules in the environment of the bacterial cell 
Think-Pair-Share
Why might it be valuable for a bacterium to use a riboswitch to control expression of a metabolic enzyme?
(Instructor Note: One answer is that riboswitches allow for rapid regulation in response to a change in the concentration of the small molecule in a cell. Use of proteins (transcription factors) to regulate transcription can be slower, since the proteins may need to be newly synthesized. This also uses cell resources and energy. In contrast, the riboswitch mechanisms discussed here do not involve any new protein synthesis).
One answer is that riboswitches allow for rapid regulation in response to a change in the concentration of the small molecule in a cell. Use of proteins (transcription factors) to regulate transcription can be slower since the proteins may need to be newly synthesized. This also uses cell resources and energy. In contrast, the riboswitch mechanisms discussed here do not involve any new protein synthesis.
Open access image by Kathy Terrill -http://ilovetobeselling.com/tips-for-attending-networking-events-near-andfar/, CC BY-SA 4.0, https://commons.wikimedia.org/w/index.php?curid=47830729
Slide 17
Thanks for participating today!
Image here is from Wiki Commons image in the public domain (CC BY).
Appendix 5: Post-activity challenge questions. Sample answers are provided with bullets underneath questions.
The following questions may be used for formative assessment or as formal summative assignments.
1. Design your own riboswitch with two different potential RNA structures. How will these alternative structures impact gene expression?
2. Which do you think would be more stable-an RNA stem with C:G pairs or A:U pairs, and why? Explain your reasoning based on what you know about nucleic acid biochemistry.
• C:G pairs would be more stable due to a greater number of hydrogen bonds (3 per C:G vs. 2 per A:U pair)
per complementary base pair, thus resulting in a relatively higher melting temperature for the RNA secondary structure.
Possible scoring methodology:
--1 pt.-Students correctly identify the C:G stem as being more stable.
--2 pts.-Students provide a rationale for their answer that references hydrogen bonding (or bonding in general) between the base pairs, and the increased number of bonds between C and G vs. between A and U.
3. What do you think the evolutionary advantage of using a riboswitch for regulation might be to the bacterial cell? More specifically, what would be one advantage as compared to regulating gene expression via upregulation of a protein-based transcriptional or translational inhibitor?
• Fast way to regulate protein synthesis -does not rely on regulatory proteins (requires additional resources, energy, and time to synthesize regulatory proteins)
• Rapid regulation in response to change in the concentration of the small molecule in a cell
• Although post-translational modification of proteins (controlling activity) is fast, it requires additional resources to make the proteins and more time if there are not enough pre-synthesized proteins -proteins also turn over and degrade over time -wasted resources if never used.
• Often involves phosphorylation to induce conformational change to activate activity (ATP/GTP -energy intensive)
--1 pt. of 2-Answer refers to the ability of the riboswitch to adapt bacterial metabolism to the needs of the cell, but does not address the specific advantages of the riboswitch as compared to protein-based methods.
--2 pts. of 2-Answer provides at least one element related to the comparative advantages of riboswitches vs. protein-based gene regulatory mechanisms, as outlined above.
4. How do you think researchers might figure out the structures of these different conformations of riboswitch sequences? In other words, what types of methodologies could be used to probe these structures?
• Computational modeling can predict secondary structure from linear sequence
• Physical methods would include using labeled RNA probes of different lengths and sizes to find the regions on in a hairpin loop -non-denaturing conditions Northern Blot
• Can probe structures with the use of nucleases, as described in detail in references like Wan et al.
(https://www.ncbi.nlm.nih.gov/pubmed/26483021)
• Chemical methods can probe different parts of the RNA structure for their accessibility to modification; these accessible and modified positions can then be identified by methods like reverse transcription.
• Also see Kubota et al. (2015) for a review of the use of chemical methodologies to probe RNA structures inside living cells (https://www.nature.com/articles/nchembio.1958)
Scoring of this question would depend on its implementation. For an in-class activity, it could be more of a brainstorming question, in which student effort to suggest a reasonable methodology would receive full credit.
For a homework activity, students could be expected to complete a web or database search to identify a methodology like one of the ones described above (1 pt.), with a brief and accurate description (2 pts.) and an associated reference (1 pt.); the requirement for the associated citation would need to be specified in the question. Instructor's note: Fig. 1C focuses on tests in bacteria/is more qualitative and Fig. 4 is more quantitative.
Students should provide similarities and/or differences to answer the "compare and contrast" part of the question; at least two identified for 1 pt. each. It is also acceptable (and useful) for students to provide a brief summary of the data included in each figure, but a summary of each will only receive 50% credit. For 100% credit, students must explicitly provide the compare and contrast elements.
Possible similarities: Both Fig. 1A and Fig. 4 examine mouse data, both figures examine the biological impacts of ribocil, both include dose-dependence studies.
Possible differences: Fig. 4 is focused on the impact of ribocil in a host (mouse) model, while Fig. 1 is focused primarily on the impact of ribocil on cultured bacteria. The mouse experiments in Fig. 1A look at the role of the riboflavin pathway in general where the mouse experiments in Fig. 4 examine the impact of the ribocil drug in particular.
Other answers are also possible and scoring of these will depend on instructor's discretion.
For the second part of the question (2 pts.), for full credit, students should indicate that the efficacy of ribocil as an antibiotic is being tested in an animal system/model (mice, in this case), or similar language. Students may (and ideally will) mention that this data allows the scientists to assess the potential of ribocil as an antimicrobial drug. Students will only receive 1 pt. for rephrasing the name of Fig. 4 . Figure 4 , and explain how they act as controls.
d. List all of the controls for
To receive full credit, students should identify both of the following; identification is worth 1 pt. and the description is worth 1 pt. for each answer (for the description, only one element of the descriptions are required for each answer for full credit).
--Vehicle treatment-In this control, mice received a sham treatment-no antimicrobial compounds. This confirms that the E. coli can establish an infection, and serves as the baseline for spleen counts of bacteria in the absence of any treatment.
--Ciprofloxacin treatment-In this control, mice received treatment with a standard antibiotic. This treatment demonstrates that the infection can be reduced in magnitude (as measured by bacterial burden) by delivered antibiotics, and provides a point of comparison for the ribocil doses against previously validated antibiotics.
